Preliminary results on the use of mechanical advantage to convert a short-displacement, high-force actuation mechanism into a long-displacement, medium-force actuator are presented. This micromechanical, mechanically-advantaged actuator is capable of relatively large displacement and force values. The target design values are a lever ratio of 17.5:1 leading to a k17.5 pm displacement while providing no less than 2.25 pN of force throughout actuator's range of motion for an applied voltage of less than 50 volts. The basis for the mechanical advantage is simple levers with fulcrums.
INTRODUCTION
A search for suitable and available surfacemicromachined micro-drivers for applications of interest can lead to disappointment. Often one would like to have a high-force (2 1 pN), large-displacement (2 10 pm) linear actuation mechanism available. Unfortunately, high-force actuators are typically limited to short displacements ( 5 2 ym), while large displacement mechanisms are typically limited to small forces or consume an undesirable amount of chip area. We propose using mechanical levers to magnify highforce, small-displacement actuation, thereby providing medium-force actuation with large displacement. Such a leverage system could be used to increase an actuation force further if desired, but, of course, at the expense of displacement. The use of mechanical advantage, in the form of levers, has been demonstrated before, for example in micromechanical devices designed to analyze film intrinsic strain [ I ] and to study tensile stress samples [2] . There have also been microactuators which utilize mechanical deformations and the geometry of the deformations [3, 4] to obtain the desired motion and force. However, we believe this to be the first device to utilize the classical lever-and-fulcrum approach for microactuation.
To demonstrate the application of this principle to actuation, we chose an electrostatic parallel-plate configuration for its simplicity of fabrication by surface micromachining and ease of connection to a lever system. To first order, the basic construct consists of an array of parallel plate capacitors. The array provides input to a set of mechanical levers that reduce the force by the lever ratio (i e. in this case, 17.5:l) but magnify the displacement by the same ratio. A synopsis of the electro-mechanical design, including a discussion of the choice of flexure fulcrums, is provided in this paper. Compromise among many issues lead to a primary design, although several other configurations of electrostatic parallel-plate shuttles, levers, and fulcrums are being investigated. The section on design summary provides the arguments that lead to the primary design. In this figure, an array of parallel-plate capacitors is shown at the lower center (a). The array consists of a central spine (b) with fingers extending to both sides. Along the outside edges run two supports (c) which then join to the central spine at the left and right ends. This forms the 'box' configuration. Between each set of shuttle fingers on the movable shuttle is a set of two fixed finger electrodes (d). These electrodes allow the array to be directed either to the left or to the right. The central spine is connected to the first levers (e) by flexible joints (0, shown coming out of the array to levers on both ends. This provides a pull-pull arrangement to the second lever. The first lever is supported at its fulcrum by two flexure elements (8) attached to the substrate. This first lever, in turn, is connected to the second lever (h) by a flex joint. The drying [7] could be used to assure the devices are free of final release stiction problems.
DESIGN SUMMARY
The principle motivation and design goal was to reduce the chip area requirements of linear, in-plane electrostatic actuators such as those used to power the Sandia microengine [8] . A secondary goal was to reduce the sensitivity of the linear actuators to off-axis thrust during operation. The latter is an issue when using the electrostatic comb-drive actuators in the way they are presently utilized in the microengine. The approach we chose was to start with a relatively highenergy-density actuation mechanism such as the electrostatic parallel-plate configuration [9] . The general expression for the electrostatic parallel-plate force is where F is the force of attraction between plates, E is the permittivity of the gap material, A is the area of the plates, g is the separation gap, and V is the applied voltage across the plates. Many types of microactuators and microsensors make use of this form of electrostatic attraction since it scales very favorably to micron dimensions, i.e., through the inverse-squared gap behavior. Unfortunately, this behavior also makes the force highly non-linear and quite short-ranged. The use of mechanical advantage in the form of levers allows one to minimize these disadvantages by choosing to operate the force over a short-range displacement at a high-force separation.
The design approach was to take this simple idea and implement it in a electro-mechanical, surface micromachined configuration. There are several compromises to be made between optimum mechanical design and process-allowed design. The following list illustrates some of these issues.
Mechanical design issues: -maximum plate separation, -plate configurations, -lever design, -fulcrum design.
-process minimum dimension, -minimum plate separation,
-plate configurations,
-fulcrum design.
Process issues:
The easiest manner to discuss the design path is to refer to Figure 1 . The primary design shown in Figure  1 exemplifies what we believe to be an optimum compromise between mechanical design and process design. We will start with the configuration of the parallel-plate element. In order to obtain sufficient force with a close-packed configuration, an array of interdigitated fingers i s used. One set of fingers belong to the translating linear shuttle element, while two other sets form fixed electrodes to the substrate to which the actuation voltage is applied. The primary design constraints on the shuttle are production of the desired output force and the minimization of surface area consumed.
With this information, choices must be made on the number of fingers, length of the fingers, width of the fingers, suitable gap separation between the fixed and movable fingers, range of permissible displacement, and method of attaching the fingers to the drive shuttle. For the length, width, and attachment of the fingers to the shuttle, a maximum allowable deformation of the fingers under electrostatic loading was set at no more than 10% of the minimum gap separation. This, in turn, determines the total number of fingers required. In an effort to keep the force as constant as possible and to achieve a reasonable level of force, the plates are designed with a 2 pm gap in their neutral position with a range of displacement of 1 pm giving a minimum gap of 1 pm. The 2 pm neutral, as-fabricated position is well within process capability and the 1 pm minimum was set to insure no arcing at 100 volt operation. The minimum gap is set by stops on the shuttle which can be seen in Figure 2 . Two basic designs for the shuttle and finger attachment are considered. The simplest is a shuttle with a central spine from which the fingers extend to 366 both sides. The main problem with that design is that the fingers must be made shorter or stiffer to fit the constraint of maximum deformation under load. An alternate, and our primary shuttle design (see Figure l) , is a box-shaped shuttle wherein there is a central spine but also supports running along both ends of the fingers and connecting to the central spine at the shuttle endsthus the box shape. The fingers then act more like doubly clamped beams, allowing narrower fingers for the given loading. The final constraint that was applied to the above variations is the minimization of area consumed.
To obtain the required large range of motion, several different types of lever systems have been designed. Of primary interest is the design of the lever fulcrums. Due to the small range of motion at the shuttle end of the lever, bearings, which have runout, were not desirable. A possible solution to this problem is to employ flexure elements. Unfortunately, with a single lever, these flexure elements tend to produce retarding moments that are too high. To compromise between these two problems, double lever systems have been employed. On the first lever, flexure elements are primarily used. Compared to a single lever system, the first lever of the dual lever system has a smaller range of rotation. Therefore, the retarding moments from the flexure elements are reduced. On the second lever, bearings could be used since the range of motion is much larger. However, for the primary design, flexure fulcrums were also used on the second lever.
A final comment regarding the design is the use of a pull-pull configuration with the shuttle and levers. The primary design is to operate bi-directionally. The pull-pull configuration eliminates the issue of buckling in the relatively thin load transfer elements. This is accomplished by having two first-level levers connected to the shuttle from both ends as seen in Figure 1 . 
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